Taken together, these two papers are consistent in showing that NR1 deletion selectively in VTA DA cells impacts druginduced behaviors, such as CPP and sensitization, especially with regards to altering the ability of behavioral neuroplasticity to endure after a period of withdrawal. In contrast, the studies are in disagreement on the role of NR1 in some aspects of short-term behavioral plasticity, notably CPP. In general, these studies constitute an elegant proof that is consistent with the body of work indicating an important role for NMDA receptors in the VTA in developing addiction-related behaviors. However, as with all experimental proofs, when looking at discrepancies between studies, it is important to consider possible caveats that may influence the data outcome. In the case of the present studies, this includes possibilities that the neuroplasticity induced by deleting NR1 over the course of days or weeks may impact the subsequent drug-induced behaviors in unpredictable ways and the fact that the potentially critical prefrontal projecting DA cells may not sustain NR1 deletion since they have low or nonexistent expression of DAT. Regardless, it is a rare opportunity to view two such excellent studies side by side and be afforded the opportunity for direct comparisons in how two leading laboratories in addiction research use similar animal models to develop support (or lack thereof) for a long-standing hypothesis; namely, the role played by NMDA receptor-dependent plasticity in the development of addiction.
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Maturation of GABA inhibitory circuitry in primary visual cortex activates the critical period of plasticity, but the underlying mechanisms are not well understood. In the August 8th issue of Cell, Sugiyama et al. demonstrate that visual experience promotes the passage of a retina-derived homeoprotein along the visual pathway, which nurtures subclasses of cortical interneurons implicated in regulating critical period plasticity.
The assembly of neural circuits is often shaped by experience in postnatal life. For example, during a brief postnatal period, the closure of one eye can permanently shift the response property of neurons in the primary visual cortex (V1) to favor inputs from the open eye (ocular dominance shift). Since the discovery of ocular dominance plasticity several decades ago (Wiesel and Hubel, 1963) , generations of neuroscientists have been making progress toward understanding how a mere imbalance of inputs from the two eyes, a seemingly innocuous manipulation, can profoundly alter neural circuit structures in the cortex, and why this occurs only during a defined critical period.
To shift their eye preference following monocular deprivation (MD), visual cortical neurons must first be able to detect the imbalance of converging visual inputs, relayed to the cortex as altered spiking patterns in thalamic axons, before they can engage a cascade of molecular, cellular, and circuitry mechanisms to weaken the deprived-eye-associated inputs, strengthen the open-eye-associated inputs, and reorganize a balanced network accordingly. GABAergic interneurons are crucial in shaping and detecting the precise spatiotemporal patterns of electrical signaling in the network, including those involved in synaptic plasticity. In recent years, accumulating evidence suggests that proper functioning of GABAergic inhibitory neurons in V1 are critical to establishing the physiological circuit architecture that allows OD plasticity to proceed.
Mice lacking the synaptic isoform of the GABA-synthetic enzyme GAD65 show no OD plasticity, a deficit that can be rescued by cortical infusion of a GABAa receptor agonist (Hensch et al., 1998) . In addition, genetic (Huang et al., 1999) and pharmacologic (Fagiolini and Hensch, 2000) enhancement of the maturation and function GABA inhibition in V1 induces a precocious critical period. Furthermore, GABA transmission through the a1 subunit-containing GABAa receptors specifically contributes to OD plasticity (Fagiolini et al., 2004) . Because different classes of inhibitory synapses preferentially signal through GABAa receptors with different subunit composition (Ali and Thomson, 2008) , these results suggest that maturation of certain subclasses of GABA interneurons is particularly critical to initiate the critical period plasticity (Fagiolini et al., 2004) .
Although cortical GABAergic neurons are present in mid-gestation and play multiple roles during embryonic development, the functional maturation of GABA-mediated inhibition in V1 is a protracted process, extending well into postnatal ages and correlating with the critical period of plasticity (Chattopadhyaya et al., 2004; Morales et al., 2002) . Importantly, this maturation is regulated by visual experience. Dark-rearing and MD retard or alter the physiological property and connectivity of inhibitory interneurons (e.g., Chattopadhyaya et al., 2004; Morales et al., 2002) . The molecular signals linking visual experience to the maturation of GABA interneurons are not well understood but are generally thought to be recruited within the cortex and include the neurotrophin BDNF (Huang et al., 1999) and, more recently, a permissive factor polysialic acid (Di Cristo et al., 2007) . In this context, Hensch and colleague now present a remarkable discovery in a tour de force study: a retina-derived homeoprotein, OTX2, is transferred into V1 via a visualexperience-dependent mechanism, which then nurtures GABA interneurons and promotes critical period plasticity (Sugiyama et al., 2008 ; Figure 1 ).
The Otx genes encode homeodomain transcription factors that play important roles in controlling the specification, maintenance, and regionalization of embryonic brain in vertebrates. During visual system development, Otx2 is expressed along relay centers of the visual pathway, including the retina, lateral geniculate nucleus (LGN), and V1. In the developing retina, Otx2 regulates the specification and differentiation of photoreceptors and bipolar cells. Otx expression ceases in V1 by the second postnatal week but persists in retina and LGN throughout life. A rather unusual property of homeoproteins, discovered by Prochiantz and colleagues since the early 90s, is that they can be secreted and transferred intercellularly to regulate the development of neighboring cells (Brunet et al., 2007) . For example, ENGRAILED-2, a homeoprotein expressed in the developing optic tectum, transfers between cells and, when internalized by retinal axons, guides growth cone extension (Brunet et al., 2007) . Combined, this evidence prompted the Hensch and Prochiantz groups to examine the possible role of OTX2 in cortical plasticity during the critical period (Figure 1) . Sugiyama et al. report that the OTX2 protein is indeed present in V1 during the critical period and adulthood. Remarkably, the majority of cortical neurons containing OTX2 are GABAergic neurons of mainly two subclasses: over 70% are parvalbumin positive (PV), and 16% are calretinin-expressing (CR) interneurons. Because Otx2 mRNA is absent in V1, the protein must be transported from subcortical sources. Highly consistent with this interpretation, OTX2 action in V1 is strongly reduced following surgical removal of the eye or a knockdown of the gene in retinal bipolar cells. Furthermore, biotinylated OTX2 injected into the eye was detected in VI and in PV interneurons. Since OTX2 expression in the retina is continuous throughout development, but appears in V1 only during the critical period, the authors examined whether its cortical accumulation is regulated by visual input. Indeed, dark-rearing before eye-opening, which had no effect on retinal expression, significantly decreased OTX2 in V1. Together, these results provide some of the first in vivo evidence for anterograde passage of a homeoprotein along a sensory pathway that is regulated by sensory experience. The rather selective transfer of OTX2 into the PV class of interneurons is particularly intriguing because, among GABAergic neurons, they may play a major role OD plasticity. PV interneurons in V1 consist of fast-spiking basket cells, which innervate the soma and proximal dendrites of pyramidal neurons, and axoaxonic cells, which innervate the axon initial segments (Figure 1) . The physiological properties and connectivity pattern of PV interneurons are well tailored to control spike generation and timing in the network. The maturation of PV interneurons correlates with the progression of the critical period, and this correlation remains following visual deprivation (Chattopadhyaya et al., 2004) or genetic and pharmacologic manipulations that either delay or accelerated the critical period (Di Cristo et al., 2007; Huang et al., 1999) . In addition, fast-spiking PV basket cells preferentially mediate GABA transmission through the a1 subunit-containing GABAa receptor (Ali and Thomson, 2008) , which is implicated in OD plasticity (Fagiolini et al., 2004) . Finally, PV interneurons are specifically enwrapped by the perineuronal net toward the end of critical period; removal of such extracellular matrix reactivates visual plasticity (Pizzorusso et al., 2002) . In this context, Sugiyama et al. provided evidence that OTX2 not only accumulates in PV cells but also promotes their maturation, assayed as enhanced expression of several molecular markers. In addition, cortical infusion of OTX2 rescued some effects of DR on the maturation of PV interneurons. These results suggest that retina-derived OTX2 non-cell-autonomously stimulates the maturation of specific subclasses of GABA interneurons.
The most significant new finding is the compelling role of OTX2 in critical period plasticity, revealed by a set of clever experiments involving mouse genetics, RNAi, pharmacology, and in vivo physiology. Cortical infusion of OTX2 triggered a precocious critical period before its natural onset. Conversely, knockdown of OTX2 level in the retina prevented OD plasticity; and interception of OTX2 transfer by antibody injection either into V1 or the retina had similar effects. These results demonstrate, for the first time, a function for the intercellular passage of a homeoprotein in a sensory pathway in the context of a well-known form of developmental plasticity.
Putting all the pieces together, these results suggest a provocative view of the experience-dependent regulation of critical period plasticity in V1. The conventional wisdom is that information relayed by visual experience to promote and instruct plasticity in the cortex is transmitted entirely as electrical activity patterns along the visual pathway. The new findings by Sugiyama et al. suggest that, upon eye opening, electrical activity alone may be too subtle to ''wake up'' the still immature cortical circuits, especially the GABA interneurons. Thus, in addition, the retina actually produces a protein messenger, OTX2, whose delivery to the cortex is withheld until sufficient visual input arrives. Once nurtured by OTX2 delivered through the visual pathway, cortical GABAergic interneurons, including the PV basket cell network, set up the physiological milieu within V1, where experience and neural activity can drive the plasticity machinery to shape neural circuits and certain receptive field properties.
Several issues should be discussed regarding both the current work and related previous studies. First, the notion of a privileged and even specific role of PV interneurons in OD plasticity is tantalizing, but the evidence thus far are largely correlative and by inference. For example, although PV basket interneurons inhibit pyramidal neurons through a1 subunitcontaining GABAa receptor, they also inhibit other interneurons, especially other basket cells, through the same receptor. In fact, it is estimated that there are three times more a1 type receptors on basket cells compared to those on pyramidal neurons (Klausberger et al., 2002) . Thus, the effect of diazepam on critical period through a1 receptors could also be mediated by other synapses, in addition to basket/pyramidal connections. Second, the uptake of OTX2 into PV cell nucleus and cytosol is conspicuous and striking. However, since OTX2 can localize to either nuclei or cytoplasm in different cell types (Baas et al., 2000) , its uptake by other neurons at lower levels could be underestimated by immunofluorescence detection. Related to this, the study of the effect of OTX2 on interneuron maturation is thus far restricted to the expression of a few markers (PV, Kv3.1, GAD65, etc.) and network effects on prolonged spiking responses. Physiological and morphological data on PV and CR neurons following OTX2 infusion or knockdown will extend the results of Sugiyama et al. and prove very informative. Finally, in addition to the retina, OTX2 proteins produced in LGN or other intermediate relay structures could also contribute to the transfer to V1.
Like other groundbreaking discoveries, the findings by Hensch and colleagues raise more questions than answers. First and foremost, how does visual experience drive OTX2 passage from the retina after eye opening? The retina generates spontaneous neural activity even in the dark, yet this appears insufficient for OTX2 transfer, and certain levels and patterns of visual input must also be engaged. Interestingly, the secretion of ENGRAILED is regulated by phosphorylation (Maizel et al., 2002) . Thus, it is possible that a certain threshold of activity triggers the modification of OTX2 for secretion or uptake. Another obvious question is what accounts for the rather specific uptake of OTX2 by PV and CR interneurons? The lack of any known membrane receptors for homeoprotein suggests an unconventional mode of cell entry, which might be regulated by extracellular matrix or phospholipids (Brunet et al., 2007) . In this regard, it is tempting to speculate that the perineural net, which is particularly prominent around PV interneurons and rich in negatively charged proteoglycans, might facilitate OTX2 uptake by these cells.
What are the target genes and proteins of OTX2? Homeoproteins function both as transcription factors in the nucleus and regulators of local protein synthesis in cytoplasm (Brunet et al., 2007) . Identification of OTX2 targets in the relevant cell types in V1 will be challenging but will certainly provide insight into its physiological and developmental function. Interestingly, OTX2 delivery to V1 persists after the critical period. Does this represent a by-product of continued visual stimulation or imply that certain aspects of cortical circuit function require OTX2 throughout life? Finally, PV interneurons are generic components of local circuits, which show different time courses of maturation in different cortical areas that also exhibit different critical period timing. It is thus intriguing that different homeoproteins have been shown to mark distinct neuronal pathways (Brunet et al., 2007) . Is it possible that cousins of OTX2 might be delivered from different sensory periphery to other cortical areas to promote local circuit maturation and signal the readiness for plasticity? Answers to these questions will further our understanding of how nurture and nature work together to shape the intricate brain circuitry with increasing cellular and molecular detail and may suggest a new therapeutic strategy for functional recovery following injury and aging.
